INTRODUCTION
Carotenoids are a group of naturally occurring pigments that are widely distributed in plants and some microorganisms. There are over 750 known carotenoids and these compounds can be divided into two classes, which are carotenes hydrocarbons without oxygen and xanthophylls containing oxygen . Carotenoids have long been used as natural colorants for food, feed, and cosmetics, but their beneficial effects on human health have received increasing attention recently. Carotenoids act as antioxidants in living organisms, having a protective effect against cellular damage, the effects of aging, and even some chronic diseases and eye diseases. Carotenoids cannot be synthesized by humans, so dietary carotenoids provide the only source of these beneficial compounds.
There have been several reports that dietary carotenoids can be found in human plasma, and recent studies have demonstrated that carotenoids are also present in erythrocytes 1 . It was reported that xanthophylls, such as lutein, are predominantly localized to the cell membrane in erythrocytes 2 . Furthermore, Miyazawa et al. reported that astaxanthin isolated from Haematococcus algae 3 and lutein isolated from chlorella 4 accumulated in human erythrocytes after oral administration, resulting in improvement of erythrocyte antioxidant activity and a decrease of One important feature that distinguishes paprika from other carotenoid-containing vegetables e.g.; carrots, tomatoes, and spinach is its high content of xanthophylls. While some xanthophylls, such as zeaxanthin or β-cryptoxanthin, are widely distributed in various plants, others appear to be unique to paprika and related plants. For example, capsanthin and capsorbin are reported to only be present in paprika 7 10 and lily pollen 11 , while cucurvitaxanthin A is only found in paprika 12 and pumpkins 13 . Xanthophylls have recently received increasing attention because of their superior antioxidant effect and anticipated health benefits 7 . In particular, two characteristic paprika carotenoids capsanthin and capsorubin have been reported to show strong antioxidant activity against lipid peroxidation 14 , as well as suppressing the generation of superoxide and nitric oxide 15 , blocking peroxynitrite uptake, and inhibiting the nitration of tyrosine 16 .
Based on the above reports, we hypothesized that dietary intake of paprika carotenoids might increase the carotenoid content of human plasma and erythrocytes, leading to improved antioxidant activity. In humans, the presence of dietary paprika carotenoids has been reported in the plasma 17 , but has not been investigated in erythrocytes. Therefore, we investigated the absorption and accumulation of paprika carotenoids in both plasma and erythrocytes of healthy young volunteers. The singlet oxygen quenching activity of xanthophylls found in paprika carotenoids was also investigated.
MATERIALS AND METHODS

Experimental Procedures
Quantitative analysis of carotenoids by HPLC was performed with a Hitachi L-6000 intelligent pump and an L-4250 UV-VIS detector set at 450 nm. A 5 μm Cosmosil 5SL-II Nacalai Tesque, Japan column 250 4.6 mm i.d. was employed with acetone:hexane 2:8, v/v as the mobile phase at a flow rate of 1.0 mL/min. UV-VIS spectra were recorded with a Hitachi U-2001 in Et 2 O or with the photodiode array detector of an Acquity UPLC system Waters Corporation, Milford, CT, USA . Electro-spray ionization ESI time-of-flight TOF MS spectra and MS/MS spectra were obtained by using a Waters Xevo G2S Q TOF mass spectrometer Waters Corporation, Milford, CT, USA equipped with an Acquity UPLC system. The ESITOF MS spectra were acquired by scanning from m/z 100 to 1,500 with a capillary voltage of 3.2 kV, cone voltage of 40 eV, and source temperature of 120 . Nitrogen was used as the nebulizing gas at a flow rate of 30 L/h. MS/MS spectra were obtained with a quadrupole-TOF MS/MS instrument, using argon as the collision gas at a collision energy of 30 V. UV-VIS absorption spectra were recorded from 200 to 600 nm using a photodiode array detector. LC MS was carried out on an Acquity 
Paprika carotenoid supplement
As the source of paprika carotenoids for this study, a commercial paprika carotenoid preparation PapriX ; Glico Nutrition Co., Ltd, Osaka, Japan was employed; its carotenoid composition is displayed in Table 1 . A beverage was prepared by mixing 0.7 g of PapriX with 3 g of highly branched cyclic dextrin Glico Nutrition Co., Ltd, Osaka, Japan , 7 g of sucrose, 0.18 g of anhydrous citric acid, 0.12 g of sodium citrate, 0.005 g of sodium chloride, 0.008 g of potassium chloride, and 100 mL of water, followed by adjustment to pH 3.5 with 10 torisodium citrate solution. The carotenoid composition of this beverage is summarized in Table 1 .
Carotenoid supplementation study
This study was conducted according to the Declaration of Helsinki, and all procedures were approved by the ethics committees of Fukushima University. Five healthy young adults 3 men and 2 women aged 22.0 1.9 years , who were students of Fukushima University, were enrolled. Each subject gave written consent to participation in the study. The subjects drank 100 mL of paprika carotenoid beverage twice a day in the morning and evening for 4 weeks. A blood sample 10 mL in a heparinized vacuum tube was taken before the study, after 2 weeks and after 4 weeks of ingesting paprika carotenoids, and after a washout period of 4 weeks. Subjects did not ingest the paprika carotenoid beverage within 24 h before blood sampling.
Analysis of carotenoids in plasma and erythrocytes
Each blood sample was let stand for 30 min at room temperature, after which plasma and erythrocytes were separated by centrifugation 3400 rpm for 10 min at room temperature . Then the erythrocytes were washed 4 times with phosphate-buffered saline pH 7.2 to remove leucocytes. Samples of plasma and erythrocytes were stored at 80 until analysis of carotenoids was performed. Then 2 mL of ethanol was added to 1mL of plasma and stirred, followed by extraction of carotenoids with 5 mL of ether: hexane 2:8, v/v solution from this mixture with stirring. After being let stand for 10 min, the upper layer was filtered through a Millipore membrane filter Millipore Corporation, Massachusetts, USA and was evaporated to dryness. The residue was dissolved in acetone: hexane 2:8, v/v and was subjected to HPLC. Erythrocytes 4 mL were subjected to repeated freeze-thaw cycles 3 times to disrupt the cell membranes and then were suspended in 6 mL of water. After adding 50 mL of acetone, the extract was filtered. Then carotenoids were extracted with an ether: hexane 2:8, v/v solution 50 mL by addition of Figure 2 shows the HPLC profiles of the carotenoids in plasma and erythrocytes. Identification of each carotenoid was performed by comparing the HPLC retention times with those of authentic carotenoids obtained from paprika and the content of each carotenoid was calculated from the peak areas by comparison with the authentic samples. Structures of the carotenoids identified in plasma and erythrocytes are shown in Fig. 2. 2.6 Identification of capsanthone in human plasma and erythrocytes Peak 5 detected by HPLC of human plasma and erythrocytes Fig. 2 is a minor carotenoid. In order to identify this peak, HPLC was repeated several times and the peak 5 eluate was collected and pooled. Then LC/MS was performed, which revealed that the peak 5 carotenoid showed UV-VIS max at 477 nm in the mobile phase ESI MS m/z 583.4154 MH C 40 H 55 O 3 , Calc 583.4151, m/z 605.3949 M Na C 40 H 54 O 3 Na, Calc. 605.3970 . These data were identical with those for capsanthone. Furthermore, this carotenoid showed the same retention time as that of capsanthone isolated from paprika.
RESULTS AND DISCUSSION
Singlet oxygen-quenching activity of carotenoids
As shown in Table 1 , paprika contains various types of carotenoids, especially xanthophylls. The chemiluminescence method was employed to measure the singlet oxygen-quenching activity of 6 carotenoids in paprika and we also measured that of astaxanthin as a reference. The results are summarized in Table 2 . Among the carotenoids, capsorubin showed the strong quenching activity, followed by cucurbitaxanthin A and capsanthin. These carotenoids all showed stronger singlet oxygen quenching activity than astaxanthin, which is known as a strong antioxidant 20 . It has been reported that capsanthin and capsorubin show a strong inhibitory effect against lipid peroxidation by free radicals 14 , suppress the generation of superoxide and nitric oxide by immune cells 15 , and can react with peroxynitrite 16 . Taken together with our findings, these reports suggest that paprika is a good dietary source of xanthophylls with strong antioxidant activity. 3.2 Carotenoid levels in plasma and erythrocytes after carotenoid supplementation The plasma carotenoid levels before ingestion of paprika carotenoids, after 2 weeks and 4 weeks of carotenoid supplementation, and after a 4-week washout period are shown in Table 3 . In addition, the plasma levels of xanthophyll during the study are displayed in Fig. 3 A . Capsanthin and cryptocapsin are characteristic paprika carotenoids and there is little or none of these carotenoids in major fruits and vegetables other than paprika 7 . Both of these carotenoids were not detected in plasma before carotenoid supplementation. Cucurbitaxanthin A is not only found in paprika, but also exists in pumpkin 7, 13 . However, this carotenoid was also not found in plasma before carotenoid supplementation. Therefore, the capsanthin, cryptocapsin, and cucurbitaxanthin A detected in plasma after supplementation were derived from the paprika carotenoid supplement. Zeaxanthin and β-cryptoxanthin are ubiquitously found in human plasma, but their levels were also increased by ingestion of the carotenoid supplement. Furthermore, it was notable that capsanthone, an oxidative product of capsanthin, was detected in plasma. Capsanthone is found at a very low level in paprika less than 0.5 of the total carotenoid content 8 11 , but the plasma level of capsanthone increased with ingestion of the paprika carotenoid supplement from 39.6 pmol/mL to 54.6 pmol/ mL . Therefore, it is possible that capsanthone in plasma was an oxidative metabolite of capsanthin produced in vivo. Similar findings have also been reported by Etho et al. 17 . The total plasma carotenoid level was increased 1.2-fold by 2 weeks of carotenoid supplementation from 1907 to 2362 pmol/mL , but the total plasma carotenoid level after 4 weeks of c supplementation was slightly lower than that at 2 weeks. This suggested that plasma carotenoid Total carotenes is the sum of α-carotene, β-carotenes,and lycopene. *2 Total carotenoids is the sum of total-carotenes, β-Cryptoxanthin, 3-OH-β,e-Caro-3'-one, cryptocapsin, cucurbitaxanthin A, capsanthone, lutein, zeaxanthin, and capsanthin. This accounts for about 90 percent of all carotenoids in plasma. Fig. 3 Changes of xanthophyll levels in plasma (A) and erythrocytes (B) before, after ingestion of paprika and after clearance.
levels might have reached saturation during intake of the paprika carotenoid supplement. After a washout period of 4 weeks, the plasma carotenoid level returned to that before ingestion of the carotenoid supplement. Table 4 shows the carotenoid levels in human erythrocytes before ingestion of paprika carotenoids, after 2 weeks and 4 weeks of carotenoid supplementation, and after a 4-week washout period. Figure 3 B displays erythrocyte levels of xanthophylls during the study. As was found in the plasma, the characteristic paprika carotenoids capsanthin, cucurubitaxanthin A, and cryptocapsin were detected in erythrocytes after ingestion of the carotenoid supplement. Zeaxanthin and β-cryptoxanthin were also detected in erythrocytes and the levels of these carotenoids increased during ingestion of the supplement. Furthermore, capsanthone was detected in erythrocytes as well as in plasma. The total carotenoid content of erythrocytes was increased by 2.2-fold by 2weeks of carotenoid supplementatin from 40 to 87 pmol/mL and the content was similar after 4 weeks of supplementation. After the 4-week washout period, the erythrocyte carotenoid content returned that before ingestion of the supplement.
The results shown in Tables 3 and 4 suggest that blood levels of carotenes and xanthophylls are regulated differently in humans. Before ingestion of the paprika carotenoid supplement, carotenes and xanthophylls respectively accounted for 66.7 and 33.3 of the total carotenoids in plasma. On the other hand, carotenes only accounted for 24.1 of the total carotenoids in erythrocytes, while xanthophylls formed 75.9 . These findings suggest that xanthophylls are preferentially localized in erythrocytes rather than plasma in the blood. It has been suggested that nonpolar carotenes preferentially accumulate in lipoprotein particles in the plasma, while polar xanthophylls are preferentially transferred to the phospholipid bilayer of erythrocyte membranes 24 . We found that lutein 35.8 and β-cryptoxanthin 20.1
were the major xanthophylls in erythrocytes, in agreement with previous reports 6 .
Because of its high xanthophyll content, ingestion of the paprika carotenoid supplement led to a marked increase of xanthophylls in both plasma and erythrocytes. After 4 weeks of supplementation, xanthophylls were increased to 50.5 and 81.1 of the total carotenoids in plasma and erythrocytes, respectively. These results demonstrate that xanthophylls in paprika carotenoids can be absorbed by humans, leading to an increase of xanthophyll levels in both plasma and erythrocytes. Characteristic paprika xanthophylls cryptocapsin, cucurbitaxanthin A, and capsanthin with its oxidative metabolite capsanthone accounted for 25 of the total carotenoids in erythrocytes. These xanthophylls show strong antioxidant activity, not only by quenching singlet oxygen, but also by inhibiting lipid peroxidation. Therefore, these paprika xanthophylls may prevent peroxidation of phospholipids in erythrocyte membranes, as has been reported previously 25 . These paprika xanthophylls were no longer detected in erythrocytes after the 4-week washout period and the zeaxanthin level in erythrocytes also decreased after washout. On the other hand, β-cryptoxanthin was still detected in erythrocytes 15.5 pmol/mL after the washout period, suggesting that it might have a higher affinity for erythrocytes than other carotenoids.
Oxidative metabolite of capsanthin
Capsanthone, an oxidative product of capsanthin, was detected in both plasma 1.7 2.5 of total carotenoids and erythrocytes 8.6 7.1 of total carotenoids after both 2 weeks and 4 weeks of paprika carotenoid supple- mentation. Capsanthone is found in paprika, but at a very low level less than 0.5 of total carotenoids . Therefore, as reported by Etoh et al. 17 , the capsanthone we detected in plasma and erythrocytes was presumably an oxidative product of capsanthin. Recently, several oxidative metabolites of lutein, zeaxanthin, and lycopene have been found in humans and other mammals. Lutein undergoes oxidation to ε, ε-carotene-3,3 -dione via 3-hydoxy-β, ε-caroten-3 -one 26 29 , while lycopene is converted to cyclolycopene-5,6-diols and several apolycopeneals 29, 30 . These carotenoids are found at very low levels 50 pmol/mL in human plasma 27, 28, 30 . Interestingly, conversion of capsanthin to capsanthone appeared to be more active compared with similar conversion reported for lutein, zeaxanthin, and lycopene. The plasma level of capsanthin was 74.8 pmol/mL after 2 weeks of supplementation and 70.1 pmol/mL after 4 weeks. On the other hand, the capsanthone level increased from 39.6 to 54.6 pmol/mL during ingestion of paprika carotenoids, suggesting that capsanthin was converted to capsanthone in our subjects. The erythrocyte capsanthin content increased from 2.1 pmol/mL after 2 weeks of supplementation and to 3.4 pmol/mL after 4 weeks, while the capsanthone content decreased from 7.5 pmol/mL after 2 weeks to 5.7 pmol/mL after 4 weeks. In erythrocytes, the level of capsanthone was higher than that of capsanthin. This suggested that capsanthin incorporated into erythrocytes underwent oxidative conversion to capsanthone.
In conclusion, the present study demonstrated that xanthophylls in paprika carotenoids, including capsanthin and cucurvitaxanthin A, can be ingested by humans and incorporated into erythrocytes as well as being detected in plasma. Because of the strong antioxidant activity of capsanthin and cucurvitaxanthin A, these carotenoids may protect erythrocytes from reactive oxygen species, while detection of capsanthone in erythrocytes might be an indicator of such antioxidant reactions.
